Using a special gait re-education programme, combining methods in physiotherapy with a psychological therapeutic approach to integrate the prosthesis with normal movements and to increase body awareness, the authors studied unilateral trans-femoral amputees aged 16-60 years with trauma or tumour as causes. In their service area they found 16 such current prosthetic users with at least 2 years of prosthetic experience and 9 who could complete the programme. Gait was measured before and after treatment and at 6 months follow-up with a three-dimensional motion analysis system and was compared to a reference group of 18 healthy volunteers of similar age. Results showed normalised gait speed and increased symmetry in step length after treatment, but reduced symmetry in pelvic motion. The reference group had a pelvic rotation of ± 4 degrees both in the frontal and transverse planes. In the frontal plane, pelvic obliquity increased after treatment to a similar amplitude to the reference group, but with a different timing. Pelvic internal rotation on the amputated side increased to about 8 degrees in the beginning of stance. The amputated and the intact side before treatment were more symmetrical than afterwards and also when compared with the reference group. In spite of this, gait appeared to be more symmetrical, probably due to more efficient pelvic motion and more symmetrical upper-body movements. This was probably an effect of
Introduction
Several studies have shown that amputee gait is asymmetrical compared to normal gait. (Inman et al., 1981; Boonstra etal.,1994) . James and Öberg (1973) studied 34 healthy transfemoral amputees and found that the asymmetry in stance-phase (longer for the intact leg) and the swing-phase (shorter for the intact leg) was unaffected by increased speed. In a kinematic study by Jaegers et al, (1995) , gait-speed in trans-femoral amputees was reported to be 29% slower (mean 1.01 m/s) compared to comfortable gait-speed of normals. The majority of the patients took a longer step with the prosthetic leg, even at fast speed. The amputated person produced higher gait-speed with increased stride-length rather than increased cadence (steps/min), a finding consistent with other studies (James and Öberg, 1973; Sjodahl et al, 2002) . Boonstra et al. (1993) found that the amputated person could only vary gait-speed with the healthy leg, because of the inability of the artificial knee-joint to adjust actively.
Pelvic rotation in the transverse plane plays a major role in regulating lateral displacement of the centre of gravity and is therefore one important determinant of normal gait (Inman et al, 1981; Perry, 1992) . The centre of gravity (CG) is a theoretical point located in normal standing slightly anterior to the second sacral vertebra, through which the vector of the total body weight passes (Engstrom and van de Ven, 1993) . Its position is influenced by all body motions such as arm swings and lateral trunk bending. When a body moves forward and weight is shifted from one foot to the other, the CG shifts approximately 4cm laterally and 2cm vertically, but these values depend on walking speed and style of walking. The highest vertical point occurs at mid-stance and the lowest point at double-support (Inman et al, 1981; Perry, 1992) . The lateral displacement of the pelvis occurs during loading response and early midstance, when weight is transferred to the supporting leg (Perry, 1992) .
Movements in the transverse plane of the lower body are usually characterised by internal rotation during stance-phase and by external rotation during swing-phase. The size of the lateral displacement depends on the amount of pelvic rotation, which is important not only for the stride-length but also for the narrowing of the stride-width (Inman et al, 1981; Perry, 1992) . The function of pelvic rotation in the transverse plane is to move the hip joint and to position the foot closer to the midline. At the same time the rotated position of the pelvis allows the leg to extend further and the step length to be longer (Inman et al, 1981; Perry, 1992) . The width of the walking base is measured between lines drawn through successive mid-points of heel-strike of each foot along an imaginary line of progression. The width in normal subjects varies between 5 and 10cm. The lateral displacement of the body CG is such that it remains over the supporting leg. If a trans-femoral amputee is walking with an abducted gait, the lateral displacement increases (Engstrom and van de Ven, 1993) .
The trans-femoral amputees in this study participated in a gait-training programme, combining methods in physiotherapy with a psychological therapeutic approach. The programme was evaluated by means of gaitspeed, which was improved to near normal after treatment (Sjodahl et al, 2001) . As a part of the training programme, pelvic rotation in the transverse plane was focused to increase step length as well as diagonal movements (including arm movements) in the upper body i.e. rotations in the opposite direction.
The aim of this study was to describe the effects of this training programme, with special regard to: 1) pelvic rotation in the transverse plane; 2) pelvic obliquity, abduction/adduction movement and moment at the hip, knee valgus moment in the frontal plane; and 3) step length and gait speed. The values from the amputated leg were also compared to those from the intact leg and each leg to a reference group to evaluate how the training changed the movement and moment patterns.
Participants
All patients,were included aged 16-60, living within the health-care districts of HelsingborgLandskrona-Lund in south-west Sweden, who had a unilateral trans-femoral amputation caused by trauma or tumour and who had become prosthetic users. All had to understand written and spoken instructions in Swedish. They had to have been fitted with a prosthesis at least 2 years previously and to have completed standard rehabilitation. Exclusion criteria were amputation caused by diabetes or vascular disease and general diseases limiting gait.
Sixteen (16) prosthetic users met the inclusion criteria. Four (4) women and 3 men, (mean age 38 years, range 19-51) were excluded, 1 for medical reasons, 1 failed to participate in treatment on a regular basis because of his working situation and 3 died before start of treatment. Two (2) interrupted treatment, 1 because of an altered family situation and the other because his office was moved. Five (5) men and 4 women completed the treatment and follow-up (Table 1) . They had been amputees for a mean of 9.7 years (range 3-27). At inclusion mean and median age was 33 years (range 16-51). The amputation was caused by trauma in 4 men and by tumour in the others. All were independent community walkers and were considered stable in their prosthetic adjustment. Before treatment 2 were dependent on a stick and 1 on 2 crutches while walking. To avoid confounding factors all kept their prosthesis throughout the study, but the prostheses were serviced as needed and worn out parts were replaced. No socket or alignment changes were made during the study.
A convenient sample of healthy volunteers, 9 men and 9 women, was chosen among hospital employees as a reference group with a mean and median age of 36 years (range 21-52) ( Table 1) .
Method
Gait-analysis was performed before and after training and at 6 months' follow-up by use of (VCM, 1995) .
Special lightweight surface markers were attached directly to the skin or the prosthesis and placed over standardised landmarks or corresponding spots on the prosthesis (anterior superior iliac spine, lower lateral third of the thigh, lateral epicondyle of femur, lower lateral third of the calf, lateral malleolus of fibula and between second and third metatarsal heads and one marker between the posterior superior iliac spines) according to the biomechanical model of Kadaba et al. (1990) and Davis et al. (1991) . On the prosthesis the knee marker was placed over the joint centre and the ankle marker was attached to the spot corresponding to the lateral malleolus on the intact side. In static positions markers were also used bilaterally over the greater trochanter and on the posterior calcaneus at the same distance from ground level as the forefoot markers. During the static trial, the subject is standing in the middle of the measurement volume and marker data are collected to establish the locations of each lower limb joint centre. Pelvic markers are measured relative to laboratory axes. The position of all other segments are relative to the proximal segment i.e. femur to the pelvis and the calf to the femur etc. Calculation methods and model assumptions have been described in detail by Kadaba et al (1990) and Davis et al (1991) . Two additional markers were placed between the scapulae, one at the height of the scapular spines and the other at the height of the inferior angles to include upper-body movements. Their position enabled a visual assessment of movements of the trunk in the frontal plane by recordings in Vicon 370.
The subjects wore their own normal walking shoes when measured before and after treatment and at follow-up. The same shoes were used on all three occasions.
The gait-path was 12m long with a force-plate built in at floor level and covered with a thin rubber carpet to avoid visual aiming for the force-plate during gait tests. The participants were asked to walk at self-selected comfortable gait-speed. Recordings of 5 accurate strikes on the force-plate of the intact and the amputated leg respectively were made. The most representative graph out of the 5 (i.e. the median) was chosen and the mean value from the 9 subjects was used in the calculations and figures. As the laboratory has one force-plate, values for the amputated and intact side in the tables represent median values assessed at different trials and therefore some of the spread in the ranges may have been caused by slight variations of gait speed. Due to a technical problem the data from before treatment is missing in one case.
All documented values are peak values of different phases in the gait cycles and values for moment were normalised to body mass. Internal moments were calculated and interpreted as the forces developed by muscles and ligaments counteracting the moments produced by ground reaction force (Gage, 1991) .
The reference group was measured with the same procedure for left and right leg. As no significant discrepancy was found, mean values for left and right leg together were used in the calculations.
In all the figures, 100% of the x-axis is equivalent to one stride, starting with heel-strike at 0%. All figures represent movements or moments of either the amputated or the intact side. Kinematic and kinetic data are interpreted in the conventional way of clinical gait analysis in comparison to a reference group and also in conjunction with a clinical and visual evaluation as described by Gage (1991) and Stout (1995) aiming to define primary impairments and secondary compensatory mechanisms.
A Wilcoxon signed ranks test was used to calculate the training effect comparing amputated and intact side. A Mann-Whitney U test was used to compare the reference group with the amputated and intact side, respectively. A p-value <0.05 was regarded as significant.
Results

Pelvic rotation in the transverse plane
On the amputated side, the pelvis was slightly more internally rotated during beginning of stance before and after treatment compared to the reference group. The internal rotation increased further during this phase at follow-up compared to the intact side and the reference group (Fig. la, Tables 2 and 4 ). The shape of the movement graph seemed otherwise to be almost the same as the graph of reference group during the rest of stance phase, but was less externally rotated at the end of stance ( Fig. la and Table 4 ). There was a tendency before treatment and at follow-up for the pelvis to rotate quickly towards an almost neutral position during the second period of double support. At the end of swing-phase the shape of the movement graph after treatment and at follow-up equalled the reference group (Fig. la, Tables 2 and 4 ). On the intact side, the pelvis was less internally rotated and almost in a neutral position during beginning of stance compared to the amputated side and the reference group before treatment and at follow-up. After treatment the shape of the graph equalled the amputated side and the reference group during this phase (Fig. lb, Tables 2 and 4 ). The pelvis was more externally rotated on the intact side during the end of stance phase compared to the amputated side and the reference group after treatment, an effect which increased at followup ( Fig. lb and Table 4 ).
Pelvic obliquity in the frontal plane
On the amputated side, the pelvis was higher compared to the reference group but slightly lower compared to the intact side during the beginning of stance, and this position remained unchanged after treatment and at follow up ( dropped about 8 degrees in the frontal plane during the rest of the stance phase. The shape of the curve was the same for the three measurements, but the pelvic drop increased after treatment and at follow-up. The range of movement was almost the same as that of the reference group, but the timing was different as the pelvis reached its lowest level by the beginning of single support compared to during pre-swing in the reference group. During swingphase the pelvis was lifted to a higher level compared to the reference group (Fig. 2a and Table 2 ). On the intact side, the position of the pelvis was higher at initial contact after treatment and at follow-up compared to the amputated side and the reference group (Fig. 2b, Tables 2 and 4) . After loading response the pelvis dropped rapidly until mid-stance after treatment with significant differences compared to the reference group ( Fig. 2b and Table 4 ). During swing-phase the pelvis was lifted to a higher level compared to the amputated side and the reference group after treatment and at follow-up (Fig. 2b) . Both sides differed from the reference group, where the pelvis was held in a neutral position at initial contact and was moving upwards, about 4 degrees, to reach the peak value during loading response. The pelvis then slowly dropped and reached the peak value of about 4 degrees at the end of pre-swing. During the rest of the swingphase the pelvis was lifted back to a neutral position ( Fig. 2a and 2b) .
Hip abduction/adduction movement and moment
On the amputated side, the hip was held in an abducted position during stance phase, which increased after treatment and follow-up (Fig. 3) . Hip abduction moment was about half of that of the reference group, and lacked the characteristic double maximum pattern. The shape of the graph was slightly declining, especially after treatment (Fig. 4a , Tables 2 and  4 ). Compared to the reference group there were significant differences in all three measurements except during mid-stance before treatment (Table 4 ). There was a difference in timing 0-100% of gait cycle indicating a shorter stance phase on the amputated side compared to the intact side and the reference group ( Fig. 4a and Table 2 ). On the intact side there was a tendency to adduct in the beginning of stance phase before and after treatment, although much less than in the reference group, and the hip was held in abduction during the rest of stance. The shape of the hip abduction moment graphs was the same as the reference group, but showed lower values, except at loading response after treatment, where almost the same value as the reference group was reached (Fig. 4b, Tables 2 and 4 ). There was a difference in timing, indicating a longer stance-phase compared to the reference group ( Fig. 4b and Table 2 ).
Knee valgus moment
On the amputated side, knee valgus moment was higher during the beginning of stance phase compared to the intact side and the reference group after treatment and at follow-up. The characteristic double maximum pattern was lacking and the shape of the graph was smoothed out (Fig. 5a and Table 2 ). There were significant !-Post --Post 6 months Reference group 0-100% of gait cycle Fig. 4a . Mean values of hip abduction moment of the amputated side at self-selected comfortable speed before and after treatment and at follow-up (N=9). Table 3 . Self-selected comfortable walking speed (m/s), step length of the amputated side (m) and quotient of step lengths of the amputated and intact leg in trans-femoral amputees before and after treatment and at follow-up. 1.39
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Step : technical problems with the prosthesis at six months' follow-up differences between the amputated and intact sides at mid-stance before, after treatment and at follow-up (Table 4) . Peak values during pushoff were lower than on the intact side and the reference group after treatment ( Fig. 5a and Table 4 ) and increased to the same level as the intact side at follow-up ( Fig. 5a and 5b ). There was a difference in timing indicating a shorter stance phase on the amputated side compared to the intact side and the reference group ( Fig. 5a and 5b). On the intact side, there was the same characteristic double maximum pattern as in the reference group, but there was a difference in timing, indicating a longer stance-phase compared to the reference group (Fig. 5b) . Peak values during loading response and push-off 0-100*/. of gait cycle Fig. 4b . Mean values of hip abduction moment of the intact side at self-selected comfortable speed before and after treatment and at follow-up (N=9).
increased after treatment and at follow-up, but did not reach the same level as the reference group ( Fig. 5b and Table 2 ). During mid-stance values rapidly decreased to their lowest level at 30% of the gait cycle, which was much lower compared with the amputated side and the reference group (Fig. 5b , Tables 2 and 4) .
Step length and gait speed The median step length with the amputated leg at self-selected comfortable gait speed was 0.73m before treatment, 0.93m afterwards and 0.92m at follow-up. The quotients of the step length between the amputated and intact leg increased from 0.86 before treatment to 0.94 at follow-up (Table 3) . Median gait speed increased from 0.78m/s before treatment to 0-100% of gait cycle Fig. 5a . Mean values of knee valgus moment of the amputated side at self-selected comfortable speed before and after treatment and at follow-up (N=9). Table 4 . Differences in pelvic, hip and knee parameters between the amputated and the intact side and each side compared to the reference group before and after treatment and at follow-up (Mann-Whitney U test). 1.45m/s afterwards and 1.39m/s at 6 months follow-up (Table 3) .
Parameters
Discussion
The goal of the training programme was to integrate the prosthesis in the normal movements and to increase body awareness (Sjodahl et al, 2001) . The participants seemed to walk with greater symmetry and to have improved and normalised their gait (Sjodahl et al., 2001) . The intact side especially was expected to have become more equal to the reference group, and an increased symmetry was also expected between the amputated and intact side. However, with the exception of the quotient of the step lengths, several parameters, when studied in detail, showed significant differences after treatment and at follow-up. The authors have only found one article reporting kinematic and kinetic threedimensional gait analysis of trans-femoral amputees in the transverse and frontal plane (Tazawa, 1997) . Therefore, the findings and interpretations of this study are a detailed analysis of the gait.
Even though the pelvis functions as a unity and movements on one side correspond to the other, they have for clarity been separated into movements of the amputated and the intact side in this presentation.
Pelvic rotation in the transverse plane was reduced before treatment partly because there was a tendency to rotate the pelvis quickly towards a neutral position during the end of terminal stance on the amputated side (and consequently in the beginning of stance on the intact side). These movements were interpreted as a way of initiating and supporting swing phase on the amputated side. Pelvic rotation in the transverse plane, on both sides, was more symmetrical and equal to the reference group after treatment, but the tendency to rotate towards a neutral position re-appeared at followup. Tazawa (1997) also found that in good walkers, the pelvis of the prosthetic side never moved behind the pelvis of the intact side during an entire gait cycle.
Also, movements in the sagittal plane may be interacting and affecting the pelvic external rotation. The results from the measurements of this group of patients in the sagittal plane, presented in a separate article (Sjodahl et al., 2002) showed that the pelvis was tilted forward during stance, probably aiming to preserve knee stability. The lack of external pelvic rotation may also serve to maintain knee stability, due to its coherence with forward pelvic tilt. The lack of external rotation could also be a result of trunk movements over the intact side to support dysfunctional hip flexors.
There was an increase in pelvic external rotation on the intact side at the end of stance phase after treatment, which increased further at follow-up and consequently the pelvis was proportionally more internally rotated in the beginning of stance on the amputated side. These movements were probably an effect of the training and helped to increase step-length. All participants increased their internal rotation except participants nos. 6 and 9, who had technical problems with their prostheses at follow-up, which may have been a limiting factor
In the frontal plane, pelvic obliquity on the amputated side was lower compared to the intact side at initial contact, which remained unchanged over time. This may have been due to a slight leg length discrepancy caused by soft tissue being compressed when the femur was pushed down in the socket, i.e. piston action inside the socket. The rapid drop of the pelvis during single support, increasing after treatment, may also be an indication of a Trendelenburg gait, i.e. dysfunctional hip abductors on the amputated side. A similar gait pattern of increased obliquity measured in the frontal plane has also been found in patients with hip osteoarthritis. This group of patients also used Trendelenburg gait and an increased pelvic tilt to reduce the lever arm of the hip abductors (Watelain et al, 2001) . In this group of transfemoral amputees, another explanation may be the difficulty of stabilising the femur mediolaterally in the socket.
The steep rising curve at pre-swing after treatment, indicated hip-hiking, i.e. the hip was lifted, in combination with lateral trunk bending towards the intact side, as an attempt to compensate for dysfunctional hip flexion on the amputated side and to augment foot-clearance. This interpretation was verified by findings in the sagittal plane, where power produced at both hip-joints during pre-swing was lower compared to the reference group (Sjodahl et al, 2002) .
On the intact side there was an increased oblique position of the pelvis in the frontal plane after treatment, higher compared to the amputated side and the reference group during beginning of stance, which may have been caused by the longer step length, resulting in a pelvic drop on the contralateral side.
As the participants walked faster after treatment and did not need walking aids any more, the abductors were expected to have become more functional and used more actively. However, hip abduction moment on the amputated side was the same during loading response, but was declining over time on the amputated side during the rest of stance after treatment and at follow-up. As the prostheses were aligned with a slight knee valgus to enhance stability, this could in part explain why the knee valgus moment was higher compared to the intact side and the reference group after treatment and at follow-up. Both hips were held in abduction, which increased after treatment and indicated that stride width was increased. The reduction in moment in both these graphs during mid-stance and terminal stance after treatment and follow-up, may have been caused by increased stride width and lateral trunk bending over the stance leg in order to reduce the lever arm to compensate for dysfunctional abductors. The increased stride width was probably used to support balance, and it may have increased further with the increased gait speed, an effect also found by James and Oberg (1973) . Another explanation may be that increased stride width was an attempt to reduce pressures inside the socket, also found by Berger 1992).
Also, the socket position does not fully reflect the position of the femur and therefore another explanation for the shape of the curves in the abduction moment graph may be tissue movements inside the socket. Such motion has been measured during stance and swing by plain x-ray (Lilja et ah, 1993), ultrasound transducers (Convery and Murray, 2000) and Roentgen stereophotogrammetry (Soderberg et ah, 2003) and is several centimetres in multiple directions between the socket and skeleton. Hip rotation was therefore not reported since these results were not considered reliable, as movements inside the socket cannot be measured with this method.
There was also the same tendency on the intact side to walk with lateral trunk bending and increased stride width. Here, the lateral bending was assumed to facilitate the swing-phase on the amputated side, using hip-hiking to compensate for weak hip flexors.
In the graphs of hip abduction moment as well as those of knee valgus moment there was a difference in timing comparing the two sides and compared to the reference group. The shorter stance phase on the amputated side and the upper-body remaining over the supporting leg during push-off and then shifting over to the intact side, may help to explain why the gait, observed in a clinical setting, seemed more symmetrical, as there was now more equal upper-body movements to both sides. Tazawa (1997) also found that good walkers moved their pelvis rather unevenly, but moved their shoulders in a very symmetrical way although with small arm swing on the sound side for all subjects. In this project arm movements were included in the training and may also have contributed to the impression of increased symmetry. They were not measured in the study and their influence on the walking pattern of the trans-femoral amputees needs further investigation.
The participants had been using prostheses for more than two years and they had still the ability to improve and normalise their gait. These findings suggest the need for specific training for this rather young group of amputees. Special emphasis should be put on exercises stabilising and strengthening proximal muscles as well as practising balance and co-ordination.
